To determine whether the oxygen cost of force development in the canine left ventricle is constant throughout systole, we inserted fluid-filled Latex balloons into eight isolated canine left ventricles perfused via support dogs. Balloon volumes were varied by a hydraulic servoactuator designed to withdraw preset volumes rapidly (0.5 ml/msec) beginning at a specified ejection pressure. Oxygen consumption was related to force-time integrals for (1) 9-12 different ejections patterns formed by ejecting three or four different volumes from the same end-diastolic volume, each ejection beginning at three different pressures, (2) isovolumic beats with four or five different end-diastolic volumes, including those used for the ejections. The force-time integral vs. oxygen consumption data are nonlinear for ejections that began at low pressures, with oxygen consumption exceeding that predicted from regression lines fitted to the isovolumic data. This difference appeared to peak at relatively low force-time integrals and then curve back to converge with the isovolumic line. This pattern was not evident for ejections that began late in systole. Although these results suggest that the energy required for force development is greater than expected early in systole, they also are consistent with the hypothesis that oxygen consumption is a function only of instantaneous ventricular volume. (Circulation Research 1986;59:27-38) KEY WORDS • force-time integral ventricular mechanics myocardial oxygen consumption
M ANY indices have been developed to relate aspects of the mechanical performance of the left ventricle (LV) to its oxygen consumption (MVO 2 ).'' 2 Most of these indices are empirical, correlating mechanical parameters such as pressures, heart rate, and ejection volumes to MV0 2 . However, a few, such as contractile element work, 3 force-time integrals, 4 and pressure-volume areas, 5 " 10 are based on models that relate performance to MVO 2 . Interestingly, implicit in all of these indices of MVO 2 is a common assumption: The oxygen cost of achieving a given level of performance is constant throughout systole. For example, the observation by Weber and Janicki 4 that MVO 2 of the LV is related linearly to the force-time integral (FTI) implies that the same amount of energy is required to develop a given force at every instant during systole (Appendix). If this were not true and, for example, the energy required to develop a given force declined during systole, for a given FTI, MVO 2 would be greater for an ejection that developed high forces early rather than late in systole.
Despite the data showing a linear relation between MVO 2 and the many indices of mechanical performance of the LV, it is unlikely for several reasons that the energy required to achieve a given level of performance at any instant during systole is constant. First, to predict MVO 2 , at every instant during systole a mechanical index must be related uniquely to the state of the energy-consuming biochemical processes that govern the mechanical behavior of the heart; that is, the active state." Thus, for example, the linear relation between MV0 2 and the FTI also implies that force development at any instant is related uniquely to the active state. This seems unlikely, because even if the active state were constant during systole, different forces may be developed at the same instant during systole, depending on the end-diastolic volume (EDV), the pattern of ejection, and the time at which ejection begins. Second, the active state of cardiac muscle probably is not constant throughout systole. Studies in papillary muscles have suggested that the active state is not maximal for at least 150 msec after the onset of systole, and that it then deactivates later in systole. 12 " 14 Although these experiments were performed at low temperatures, and thus might overestimate the time required for muscle to activate maximally, 15 studies in the intact LV at 37° C consistently have demonstrated that mechanical properties of the ventricle, such as elasticity and the ability to develop pressure at any volume, change during the course of systol e [16] [17] [18] [19] [20] These observations imply that some property of the contractile machinery, and thus the active state, changes during systole. Consequently, the energy required to achieve a given level of performance such as developed force is likely to vary throughout systole as the active state changes.
Finally, data from isometrically contacting papillary muscles show clearly that the oxygen cost of force development declines throughout most of systole. 21 However, the hyperbolic relation between MVO 2 /FTI and time found by Cooper 21 would be expected if activation energy (A) were expended nearly instantly at the onset of systole and, once expended, the energy required to develop force were time invariant, ie, if MVO 2 = A + B x FTI. If this were true, (MVO 2 -A)/FTI would be constant with time, whereas MVO 2 / FTI would decline hyperbolically. Because Cooper's data were not analyzed in this manner, the exact relation between (MVO 2 -A)/FTI and time is uncertain. In contrast, studies using an air-filled LV that was allowed to empty abruptly at various times during systole appear to indicate that the oxygen cost of force development is constant during systole. 22 However, as discussed by Cooper, because the LV was compressing air before being vented, greater volume decrements must have occurred before the quick releases as systole progressed. For example, at 120 mm Hg, the LV volume would have decreased by approximately 14% before being vented because of air compression. Furthermore, the intervals between the quick releases appear to have been too long to define precisely the relation between force and MV0 2 early in systole. Finally, the MV0 2 for zero FTI apparently was measured with the ventricle empty, rather than ejecting to its empty volume at the onset of systole. Thus, Monroe's study does not define unambiguously the relation between MV0 2 and LV force as systole progresses.
Because of the above arguments, we hypothesized that the oxygen cost of force development changes during the course of systole and that this has not been demonstrated clearly because contraction patterns have not been varied widely enough. To test this hypothesis, we utilized very rapid ejections that began at markedly different pressures so that any change in the oxygen cost of force development during systole could be assessed by generating very small FTI despite relatively large end-diastolic volumes.
Materials and Methods Animal Model
The relations of LV MV0 2 to the FTI were studied using eight isolated canine hearts perfused by support dogs. This preparation is similar to that used by Janicki et al. 23 The isolated hearts were obtained from 10-to 20-kg mongrel dogs of either sex anesthetized with chloralose (100 mg/kg) and urethane (1 g/kg), intubated, and maintained on mechanical ventilation with supplemental oxygen. The heart was exposed through a median sternotomy, and the pericardium was opened and subsequently removed. A 20F semirigid plastic catheter primed with heparinized saline was intro-duced into the aortic root through the brachiocephalic artery for coronary perfusion. The left subclavian artery was ligated. A 28F soft Latex cannula with multiple side holes was introduced through the right atrial appendage into the right ventricle to allow drainage of both right atrial and ventricular venous blood. The right atrioventricular catheter was opened, and when mean aortic pressure was approximately 100 mm Hg, the aorta was cross-clamped and the aortic cannula was perfused from the support dog (see below). When right heart drainage had become minimal, total perfusion by the support dog was achieved by ligating the superior and inferior vena cavae and pulmonary artery. The pulmonary veins then were divided, the left atrium was opened widely, and a suction catheter was placed through the mitral valve into the LV. The mitral valve cusps and chordae were excised and a pursestring suture was placed around the mitral valve annulus. A small catheter with multiple sideholes was passed through the LV apex. The isolated perfused heart was removed from the donor dog and placed in a constant temperature (37° C) saline bath. The heart then was fibrillated electrically, and a Latex balloon affixed to a servosystem (see below) was placed in the LV, through the mitral annulus. The pursestring sutures were tightened around the balloon cannula, and the balloon tip was fastened at the apex with umbilical tape, thus securing the position of the balloon within the LV chamber. The heart was defibrillated and allowed to contract isovolumically at an EDV that produced a peak pressure of approximately 100 mm Hg until a steady state was attained.
The isolated heart was perfused by a large support dog (25-35 kg) also anesthetized with chloralose and urethane, intubated, and ventilated using a volume ventilator with supplemental oxygen and 5 cm of positive end-expiratory pressure to maintain the P Oj greater than 200 mm Hg and P C0; 35-45 mm Hg. Sodium bicarbonate was administered intravenously as needed to maintain arterial pH between 7.35 and 7.45. Heparin (6000 U) was administered intravenously, followed by 1000 U/hour for anticoagulation. Diphenhydramine (100 mg) was administered to help prevent a transfusion reaction. Blood from the femoral artery of the support dog was pumped with a nonocclusive roller pump to a reservoir that was pressurized to keep coronary inflow pressure constant at 110 mm Hg. The outflow from the reservoir passed through a heat exchanger and then into the aortic root of the isolated heart via the brachiocephalic cannula. The blood volume in the reservoir was kept constant by a level sensor that controlled the roller pump. This prevented coronary inflow pressure from varying more than 3 mm Hg. Coronary venous effluent was drained from the right atrioventricular catheter through an in-line flowmeter into a venous reservoir. LV Thebesian flow was drained through the LV vent catheter which was kept at a negative pressure via a suction chamber. Venous blood was pumped through a heat exchanger to a second reservoir and then returned passively to the femoral vein of the support dog.
To maintain constant deep anesthesia, approximately 10 mg/kg of pentobarbital were administered intravenously to the support dog 30 minutes before cross-circulation was established. If, during the experimental protocol, the peak isovolumic pressure or heart rate of the isolated heart increased, additional doses of 2-4 mg/kg of pentobarbital were given to the support dog, and the protocol was interrupted until the initial steady state again was achieved.
Servocontroller
A hydraulic servoactuator controlled the volume of the Latex balloon within the LV. The balloon, which had an unstretched volume of at least 55 ml, was affixed to a metal cannula that was attached via largebore rigid polyvinyl chloride pipe to a metal bellows with a cross-sectional area of approximately 103 cm 2 and a maximum stroke of approximately 5 cm. The bellows, pipe, and balloon were filled with ethylene glycol and debubbled by repeating large rapid volume changes until gas could no longer be expelled from the system. The bellows position was controlled by a hydraulic servoactuator driven at 2000 psi (1.38 x 10 7 N/M 2 ) by a hydraulic pump and accumulator pressurized at 1200 psi (8.27 x 10 6 N/M 2 ). The position of the servoactuator piston was controlled electronically by a mechanically integrated servovalve. The length of the bellows, and thus the volume of the LV, could be changed rapidly by varying the servovalve voltage with a microcomputer designed specifically for this function. The microcomputer sampled LV pressure at intervals varying from 25 to 200 msec, depending on the point in the cardiac cycle (200 msec during relaxation). This servosystem behaves as a second-order system with a flat frequency response to approximately 50 Hz.
Measurements
All measurements were recorded on an eight-channel chart recorder and eight-track analog tape. The tape signals were calibrated using standard voltages. LV pressure was measured with a semiconductor pressure transducer (Millar PC480) inserted into the balloon lumen through a sideport on the metal balloon cannula. This transducer was calibrated to mercury before each experiment, periodically checked for drift, and readjusted if necessary by comparing diastolic pressures with pressures transduced from a fluid-filled lumen in the catheter and rechecked for drift at the conclusion of each experiment. Aortic root and support dog arterial pressures were measured with fluid-filled catheters attached to mercury-calibrated strain-gauge transducers. End-diastolic pressure (EDP) was recorded from the semiconductor transducer signal using a medium gain amplifier with zero suppression. However, for analysis, the EDP was determined directly from the digitized semiconductor transducer signal. The position of the bellows was determined from a length transducer that is an integral part of the servoactuator. Volume calibrations were performed by producing preset bellows displacements and relating deflections on the chart recorder to directly measured volume changes. Coronary blood flow was measured by collecting the outflow of the right atrioventricular catheter for 1-2 minutes. The venous flowmeter was used mainly as an indicator of stability. Arteriovenous content difference (A-VDO 2 ) was measured continuously with a Guyton A-VDO 2 analyzer (Oxford Instrument Co.) calibrated by measuring arterial and venous O 2 contents with a Lex-O 2 -Con analyzer (Lexington Instruments) during four or five experimental conditions that spanned the range of the Guyton analyzer. The relation between measured A-VDO 2 and the analyzer output was determined by linear regression. The correlations for these regressions were greater than 0.99, showing that the Guyton analyzer precisely measured A-VDO 2 . After each experiment, the data were digitized at 400 Hz and stored on magnetic disks for later analysis. All measurements were made after reaching a steady state defined as 2 minutes of stable A-VDO 2 , coronary blood flow, and pressures.
We noted that pressure continued to rise for 10-15 msec after the onset of ejection. Because all ejections were very rapid (approximately 0.5 ml/msec), it is possible that this continued rise is an artifact due to kinetic energy transferred to the transducer because of the abrupt cessation of flow at its face and/or to a time lag between the volume change in the bellows and the balloon. Because flow velocities of approximately 300 cm/sec were achieved during ejection, the flow kinetic energy theoretically could increase measured pressure by as much as 25 mm Hg if flow were stopped at the transducer face. Although this should not occur because the transducer face was perpendicular to flow in these experiments, we cannot be absolutely certain that kinetic energy did not influence our pressure measurements, because we do not know the form of the flow profile. However, several observations indicate that measured pressure was not increased by the high flow velocity. First, because in our protocol flow abruptly increased to a constant rate and then abruptly ceased, any pressure due to kinetic energy also should have increased and decreased abruptly as ejection began and ended. However, such sudden pressure changes never occurred. That is, there was no discontinuity in the first or second derivatives of LV pressure at the onset or end of ejection. Second, pressure measurements also were unaffected by changes in the distance that the semiconductor pressure transducer projected into the LV balloon. Third, during abrupt volume withdrawals with the balloon removed from the heart, pressure always dropped abruptly within 10 msec of the onset of the withdrawal. The rate of fall was not affected by transducer position or the amount of pressure applied to the outside of the balloon. The rate of fall also was slightly greater than when the balloon was in the LV, indicating that the balloon maintained contact with the LV endocardium during the rapid ejections used in this study.
A lag in the volume change of the balloon relative to the bellows could be due to bellows compliance, inertia of the fluid column, or cavitation, which occurred occasionally. We have been unable to measure precisely the time lag between bellows and balloon volume during rapid withdrawals, but experiments indicate that it probably is less than 10 msec. However, assuming typical experimental values of a rate of LV pressure rise of 1000 mm Hg/sec, a 40-ml EDV, and a 20-ml ejection beginning at a pressure of 50 mm Hg, for a worst case lag of 20 msec, pressure would appear to rise 20 mm Hg before any volume change was noted. This would produce a maximum artifactual increase in the FTI of less than 0.02 Newton seconds (Nsec). Such an error would not have any appreciable effect upon our results.
Occlusion of the cannula by the balloon during the rapid ejections was never observed when volume changes were made with the balloon outside of the LV, and it is unlikely that occlusion occurred when the balloon was in the LV, because the pressure fall was slightly slower than if the balloon was not within the LV. In addition, if the balloon had occluded the cannula, large negative pressures should have been observed, because the pressure transducer was within the cannula lumen. However, such changes were not observed, and the fall in pressure during ejection was unaffected if the transducer was advanced into the balloon lumen.
Experimental Protocol
For each experiment, an EDV was found that produced a peak isovolumic pressure of approximately 110 mm Hg. Three or four ejection volumes were selected spanning a range of approximately 20-90% of this control EDV. Ejection rate was constant at approximately 0.5 ml/msec. The times required to achieve this ejection rate and to halt the ejection were negligible. After ejection, volume was maintained at the end-systolic value until diastolic relaxation was complete. The ventricle then was refilled more slowly to the EDV before the next systole. Ejections were constrained to begin at approximately 40, 60, or 80% of the peak isovolumic pressure, although this varied between experiments. All ejection volumes were repeated at each of these onset pressures (P cj ). Either the order of the ejection volumes or the P cj was varied in a latin square pattern. A complete pattern consisted of either all ejection volumes at one P cj or one ejection volume at each of the three P ej . The other parameter was fixed until each pattern was completed. The isovolumic control then was repeated, and if the control peak isovolumic pressure or heart rate had increased by more than 5%, measurements were repeated following 2-4 mg/kg of supplemental pentobarbital and reestablishment of the control state. Isovolumic contractions at four or five different EDV below the control EDV, including two at zero volume, also were interspersed among the ejection patterns.
Analysis
End systole was defined as the time when the highest pressure was achieved at the end-systolic volume before pressure fell monotonically. The FTI was calcu-lated by trapezoidal integration assuming spherical geometry, both for the entire beat and until end systole, in accordance with the method used by Weber and Janicki. 4 Results are presented using the end-systolic FTI. An average FTI then was computed from five consecutive beats. Initially, the data were grouped by P ej for analysis. Group L corresponds to the lowest, group M the middle, and group H the highest P,. Group I consists of all the isovolumic data. An analysis of covariance 24 was used to determine whether separate regression lines fitted to the FTI-MVO 2 data for each of these groups described the data any more precisely than a single line using all of the data. The same method was used to determine whether the end-systolic pressure-volume lines differed statistically among the four groups in each experiment. The error terms derived from the regressions for the four groups always were homogeneous. 25 Therefore, these error terms were pooled, and the four lines were tested to determine whether the hypothesis of parallelism could be rejected and, if not, whether the lines are statistically identical.
Because the data for some of the ejection groups appeared nonlinear, for each experiment, we computed the differences between the MV0 2 measured for each ejection and that predicted from the isovolumic regression for the same FTI. These differences were tested for significance using Mests based on the confidence limits of the isovolumic regression line. Because multiple Mests were used, the probability of obtaining at least one significant difference by chance is considerably greater than 5% in each experiment. Consequently, these results should be used only to help provide some assurance that the observed patterns were not entirely random.
Results
Pressure, volume, and force curves for ejections beginning at three difference P cj levels are illustrated in Figure 1 . In all experiments, the ventricular pressure continued to increase for 10-15 msec after the onset of ejection. However, as discussed above, even if this increase is an artifact, the contribution to the FTI would be too small to affect our results. If the endsystolic volume (ESV) were more than a few milliliters, pressure again would rise after ejection. In some instances, there were two pressure peaks observed during the pressure rise that followed ejection ( Figure 1 ). This may result from oscillation of the bellows due to the high ejection rate, as multiple peaks have not been observed by other investigators 20 using slower ejection rates, and small bellows movements were observed following ejection. We chose the second peak as end systole because it always fell on the end-systolic pressure-volume line, and because pressure declined monotonically following the second peak, as expected after end systole. The increment in FTI due to the first peak is negligible. The force and pressure curves have the same shapes, except force is diminished by a constant amount following ejection because of the decreased volume. The end-systolic pressure-volume lines for 1 . Pressure, volume, and force curves for three ejections of equal volume beginning at different pressures (P rj ) in Experiment 621. Approximately 12 ml were ejected in 25 msec and were returned more slowly during diastole. The P e jfor the left, middle, and right panels are 37, 61, and 92 mm Hg, respectively. The onset of ejection is shown as short vertical lines. Note a continued rise in pressure for about 13 msec after ejection begins. This rise may be an artifact (see "Materials and Methods") but would not appreciably affect the force-time integrals. Two post-ejection pressure peaks were observed commonly following relatively small volume ejections. These may be secondary to small oscillations within the servosystem. The second peak always was chosen as end systole (arrowheads) because it fell on the ejection end-systolic pressure-volume line and because, subsequently, pressure always declined monotonically. The contribution of the first peak to the FTI is negligible. A control isovolumic beat is superimposed on the pressure traces for reference (broken line).
the three ejection groups in each experiment do not differ statistically ( Figure 2 ). However, they do diverge from the isovolumic lines as the ESV diminishes, presumably because of shortening deactivation. 14 Hemodynamic data for the isovolumic controls in each experiment are given in Table 1 . The correlation between FTI and MV0 2 for the isovolumic controls varies from 0.92 to 1.00 (p < 0.05), whereas that for all data from each experiment are always somewhat smaller (0.81 to0.96,p < 0.05). The correlation coefficients for the ejection groups alone are generally also smaller, and some do not reach statistical significance.
In seven of the eight experiments, the covariance analysis showed that the FTI-MVO 2 data are described more precisely by fitting separate lines to each group than by a single line fitted to the pooled data. Although the linear regression analysis was used to allow comparison with previous studies, 4 21 the data for ejections beginning at low P ej (eg, groups L and M) are nonlinear ( Figure 3 ). This is not apparent from the covariance analysis because of the small range of FTI in these groups compared with the isovolumic data. However, these lines cannot truly be parallel unless they are identical, because as ejection volumes become smaller (ie, as the beats in each group approach the isovolumic controls), the FTI-MVO 2 data points must converge to the isovolumic line. This could occur for linear data only if the regression lines for each group were identical to the isovolumic line, or if the slopes of the lines for each group were sufficiently less than that of the isovolumic control, so that they interesect at the point corresponding to the isovolumic control.
Examination of the data from groups L and M indicates that it is nonlinear. To quantify these results better, Table 2 shows the differences between the measured MV0 2 for ejections and that predicted from the isovolumic line for each experiment. In seven experiments, the MV0 2 for ejections with small FTI tends to exceed the values predicted from the isovolumic lines.
In those experiments that included large ejection volumes that produced small FTI values for groups L and M (315, group M; 517, all groups; 621, groups L and M; 628, groups L and M; 728, group L), the differences between measured and predicted MV0 2 initially increases with increasing FTI, and then diminishes. Several observations suggest that this pattern would be observed for all groups L and M if the FTI ranges were sufficiently large. In five experiments, the lines for group L appear to diverge from the isovolumic lines as the FTI increases. Furthermore, the data points at the highest and lowest FTI in these groups lie below the regression line, whereas the two middle data points are above the line (Figure 3 ). This residual pattern is expected from linear regressions fitted to data that are concave away from the abscissa. In contrast, in two of the three experiments (315 and 412) in which the group L lines did appear to converge with the group I lines near the isovolumic controls, the group L FTI ranges are greater than in other experiments except 728, and the residual patterns appear random. In one experiment (715), the pattern of MVO 2 differences is distinctly different from those in the other seven animals, in that the MVO 2 do not exceed the values predicted from the isovolumic line for any ejection, and are less than predicted for five ejections. The reason for this marked difference from the other seven experiments was not apparent from examination of the raw data.
In some experiments, the MVO 2 for ejections is less than predicted. This occurred only in group H, except for one instance in experiment 412, group M, and experiment 726, group L. In three of these instances (group H in experiments 621, 628, and 726), the FTI equals or exceeds that of the isovolumic controls.
Calculating the FTI over an entire beat rather than until end systole did not affect the results qualitatively. However, the magnitude of the differences between groups L, M, and I was increased. Reversing the order of digitization so that volume was sampled 2.5 msec before rather than after pressure also had no qualitative effect on any of the results.
Discussion
The major finding in this study is that, although the FTI is a good predictor of MVO 2 , the FTI-MVO 2 relations for ejections that begin early in systole are nonlinear, with large rapid ejections beginning relatively early in systole consuming more oxygen than predicted from the seemingly linear isovojumic FTI-MVO 2 relations. As the FTI increases with decreasing ejection volumes, this difference appears to reach a maximum and then diminish. This pattern becomes less marked or disappears for the relatively large FTI produced by small ejection volumes, or by ejections beginning later in systole.
In contrast, the MVO 2 for some of the group H *n is the number of times isovolumic controls were restudied. tLV was very edematous having been subsequently used for another experiment. ejections are less than predicted from the isovolumic line. This may be because the time over which the FTI is computed for low volume ejections beginning late in systole is greater than for the isovolumic control beats. That is, the pressure peak corresponding to end systole for these ejections occurs later than the point of maximum pressure for the isovolumic controls, thereby inflating the FTI with forces developed during what may actually be the period of relaxation. In fact, in a few instances, the FTI for these ejections is greater than that of the isovolumic beats. This implies that the oxygen cost of developing pressure (or force) is negligible late in systole. This is consistent with the findings of Suga et al 26 (approximately 1.3 Nsec) . However, the line for Group L diverges from this point, and that for Group M appears nearly parallel to the isovolumic line. This observation plus the residual pattern for these two groups suggests that these data are actually curvilinear. In contrast, the data for Group H appear linear and coincide with the isovolumic line. Because other investigators have found a linear relation between the FTI and MVO 2 , 4> 22 we initially used linear regressions to analyze our data. Although analysis of covariance of separate regression lines fitted to each ejection group indicates that, generally, the FTI-MV0 2 lines for ejections beginning early in systole are parallel to but above those beginning late in systole. These lines, however, cannot be truly parallel unless they are identical, because as ejection volumes decrease (ie, as the FTI approaches that of the control isovolumic contractions), the lines from each group must converge to the isovolumic line. Therefore, the inability to show that the lines within each experiment are not parallel probably is a result of insufficient power of the statistical test.
The broken line was determinedfrom the regression applied to all data points in this experiment. Notice that the \lVO2for Group M and especially Group L initially rises markedly with small increases in FTI. The regression lines for the three ejection groups should meet the isovolumic line at the FTI corresponding to the isovolumic controls
Our results differ from the linear FTI-MVO 2 relations found by Weber and Janicki, 4 using three ejection patterns. However, in Weber's study, the range of FTI at a given EDV is much smaller than ours, and small FTI are achieved by decreasing the EDV rather than changing the ejection pattern at a fixed EDV. Because of these differences, any nonlinearity in the FTI-MVO 2 data of Weber and Janicki would be difficult to detect. However, in Figure 6 of their report, the pattern of MV0 2 attributed to ejection does appear similar to our own data, in that the FTI-MVO 2 relation for large ejection volumes (Weber's group d) appears much steeper than for the data taken as a whole.
Nonetheless, because nonlinear FTI-MVO 2 curves imply that the oxygen cost of force development varies throughout systole, our results seem inconsistent with the linear relations found by Weber for ejecting contractions, and by Monroe, 22 and in this study for isovolumic contractions, because linearity implies that the oxygen cost of force development is time invariant (Appendix). To reconcile this apparent paradox, we hypothesize that at any instant during systole before the time at which peak isovolumic pressure would be developed, energy consumption depends only on the LV volume at that instant. This seems plausible, because force probably is not directly sensed by muscle but, rather, by changes in length, as is the case in strain gauges used to measure pressures. The high correlations between MVO 2 and the various pressure-related indices' observed during physiological ejections would then occur, because, for a given inotropic state, the pressure at any instant is determined uniquely for the LV volume at that instant. This dependence has been demonstrated in the LV using time-varying pressurevolume (P-V-t) lines to show that, during relatively physiological ejections, instantaneous pressure and volume have a unique linear relation with a slope that increases as systole progresses. 27 -28 The functional state of papillary muscles also appears to depend only on instantaneous length, because the velocity of shortening at a given length and time following an abrupt length change is independent of the initial length, once maximum velocity is reached. 29 " 31 We hypothesize that, although the active state may vary throughout systole, it is related uniquely to the LV volume at any instant. Thus, because of the unique P-V-t relations, if loading conditions of the LV were altered so that measures of mechanical performance such as developed force varied at the same instant during systole, differences in energy requirements would be expected, because the LV volumes would have to be different at that instant.
This hypothesis that the energy required by the LV at any instant depends only on the volume at that instant can explain the linear FTI-MVO 2 relations for isovolumic contractions and nonlinear relations for rapid ejections, if it is assumed that for a given volume, the rate of change of MVO 2 with time (d[MVO 2 ]/dt) may vary markedly early in systole but is nearly constant throughout the remainder of systole and is proportional to the LV volume (V) (Appendix). However, assume for simplicity that it is constant throughout systole. That is, assume that the total amount of oxygen consumed by the LV during systole increases linearly with time during an isovolumic contraction until peak pressure is reached. The MVO 2 for an isovolumic beat then would equal A + B X V X t ?s , where B is the constant of proportionality, t es is the time from the onset of systole to the attainment of peak pressure, V is the EDV which is constant for an isovolumic beat, and A is the activation energy which is assumed to be expended immediately at the onset of systole. Our data and that of others 4 ' 22 demonstrate that volume is correlated highly with the isovolumic FTI. However, for our data, the correlation of EDV x t es for isovolumic beats is at least as high as for EDV alone. Therefore, the linear relation between FTI and MVO 2 for isovolumic beats is expected from the hypothesized volume-MVO 2 relation.
If, instead of a complete isovolumic beat at an EDV of V,, the ventricle were emptied rapidly at t J 2, the expected MVO 2 would be A + B x V, x tJ2. However, because the isovolumic pressure curve is not rectangular, the area under this curve between the onset of systole and tJ2 would be substantially less than half of the value between zero and t es . Therefore, because volume is constant prior to emptying the LV at tes/2, the FTI also would be less than half of the FTI for a complete isovolumic beat. Consequently, the MVO 2 would be greater than predicted from the isovolumic FTI-MVO 2 line for this FTI. This is demonstrated more clearly by plotting MVO 2 -A against FTI so that the isovolumic line passes through the origin. Then, as shown in Figure 4A , the value of MVO 2 -A at tJ2 (ie, t cj ) would be half that for the complete isovolumic contraction, but the FTI would be reduced by more than 50%. Consequently, the MV0 2 (point 1) at this FTI (point a) would be greater than predicted from the isovolumic line. The curve in Figure 4A that passes through this point would be generated by varying t cj from zero to t cs .
To apply this model to ejections that do not completely empty the LV, assume for simplicity that the pressure curve for an instantaneous ejection to an arbitrary end-systolic volume (ESSV) at time t cj can be approximated as the sum of an isovolumic beat lasting until t ej , plus that portion from t ej to t es of a second isovolumic contraction with a volume equal to the ESV. The FTI and MV0 2 attributable to the isovolumic phase of systole would be computed as described above, using the shaded portion of the inset in panel B. The FTI from ejection to end systole would be proportional to the area under the pressure curve from t ej to t cs of an isovolumic beat with a volume equal to the ESV (inset of Figure 4B ). Point b in Figure 4B is the FTI from the onset of systole to t cj for this contraction. The FTI from t ej to t es is the difference between that expected for an entire isovolumic contraction at the ESV (point c) and this pre-ejection FTI (point b). The corresponding MV0 2 then is the difference between that expected for the entire isovolumic contraction (point 3) and the MVO 2 that would have been incurred up to the time of ejection (point 2). Therefore, the MV0 2 for the entire beat that consists of an isovolumic phase at the EDV followed by a rapid ejection to the ESV at t ej would equal 1 + (3 -2), as shown in Figure 4C . The corresponding FTI would be a + (c -b). By repeating these calculations for ejections of different volumes beginning at the same t Cj , the dotted curve in Figure 4D would be generated. Curves calculated for the same ejection volumes but different pressures at the onset of ejection would not superimpose because of the differences in the FTI and MV0 2 of the isovolumic phase of systole. However, as P^becomes greater (ie, as ejections begin later), the difference in MV0 2 between ejecting and isovolumic contractions would decrease because of the dominance of the isovolumic phase. As ejection volumes diminish, all curves must converge to the isovolumic line.
Thus, all of the qualitative features of our FTI-MVO 2 data are predicted by this model: (1) The MVO 2 associated with very small FTI resulting from very large ejections beginning at low pressures are only slightly greater than those predicted from the isovolumic line. However, as the FTI increases with decreasing ejection volumes, the MVO 2 becomes markedly greater than predicted. This discrepancy diminishes as the FTI continues to increase. (2) The curves generated by varying ejection volumes at different P ej do not superimpose. (3) The FTI-MVO 2 relation for isovolumic contractions at different EDV is linear, and becomes nearly linear for ejections that are relatively normal or that begin late in systole. (4) Small ejections late in systole would consume less oxygen than expected for the equivalent isovolumic FTI because some of the force developed would not consume additional energy, since it would occur after peak pressure would have been developed for an equivalent isovolumic beat.
Despite this qualitative agreement with our findings, the exact shape predicted for these curves by our model is unknown because of several uncertainties. First, because of shortening deactivation 14 evident in Figure 2 , the post-ejection FTI is likely to be less than predicted. The resultant effect on MVO 2 is unknown. Second, the FTI during ejection in our experiments is greater than zero because ejection was not instantaneous. Thus, the FTI might be higher than predicted from the above analysis. Finally, the shape of the relation between d(MVO 2 )/dt and time at a given volume also is unknown. If, for example, at a fixed volume, d(MVO 2 )/dt were not time invariant but decreased rapidly early in systole and then plateaued, the MVO 2 in excess of the isovolumic line would be increased for rapid large ejections beginning at low P c j (ie, ejections with small FTI). This difference would be reduced for small ejections or those beginning at high P ej (ie, late in systole) for which the FTI is large. However, the FTI-MVO 2 relation for isovolumic contractions at different EDV would still be linear if (1) any inconstancy in the relation between d(MVO 2 )/dt and t occurs early in systole so that the total contribution to the total isovolumic MVO 2 is small, or (2) the areas under the nonlinear and linear regions are proportional (Appendix).
In summary: We interpret our data as indicating that the oxygen cost of developing force seems to be greater than expected early in systole because energy consumption is related primarily to instantaneous volume. The linear relations observed in these experiments and by other investigators between the FTI and MVO 2 for isovolumic beats occur because the FTI is related linearly to the product of the EDV and the time-to-peak pressure. However, for rapid ejections early in systole, the FTI before ejection is small relative to the time spent during this isovolumic phase of systole. Consequently, the MVO 2 for this phase of systole is much greater than expected for the FTI. If the ventricle ejects to zero volume, there is no additional FTI or MVO 2 after ejection, so that the total MVO 2 is much greater than predicted from an isovolumic beat with the same FTI. However, as the ejection volume is made smaller, the increment in the FTI after ejection becomes large relative to the increment in MVO 2 so that the deviation from the isovolumic FTI-MVO, relation diminishes.
Appendix
A linear relationship between the FTI and MVO 2 , which may be expressed as MVO, = a + b FTI (1) implies that the oxygen required to develop a given force is constant throughout systole, because if the oxygen required for force development varies with time, then MVO 2 = a + MVO 2 = a + £' /3(t)F(t) dt
£
where /3(t) represents this time-vary ing cost, a is the activation energy which is assumed to be expended at the onset of systole, and t is the duration of systole. Integrating Equation 1 by parts yields MVO 2 = a + /3(tes) x FTI -f r F(t)[d/8(t)/dt] dt.
(3)
For Equations 1 and 3 to be equal for all t cs , a must equal a, and /3(t) = b; that is, )3(t) must be constant.
To reconcile the observation in this and other investigations that the FTI and MVO 2 are related linearly for isovolumic beats with the observed increased oxygen cost of force development early in systole, we hypothesize that M VO 2 is a time-varying function of instantaneous LV volume (ie, g{V(t), t}) rather than force or other pressure-related variables. Then, neglecting shortening deactivation £ g{V(t), t} dt (4) If, at a constant volume, V,, g{V,, t} initially declines and then plateaus such that g{V,, t) = h(V,) for t greater than t,, then for an isovolumic beat with volume V, MVO 2 = J o " g{V,,t}dt + h(V,)(t es -t,).
Then, if t, is small relative to t cs and h(V,) is not too small, the value of the integral in this equation will be negligible for isovolumic contractions, and MVO 2 would be related linearly to the product of volume and the duration of systole. Alternately, if the integral is a constant percentage, P, of the area from t, to t cs then MVO 2 = a + h(V,)(t es -t,)(l + P).
This would preserve the linear relation but increase the slope by 1 + P. We hypothesize that the high precision of the many diverse indices in predicting MVO 2 occurs because the measured pressures or forces actually reflect the instantaneous volume. Therefore, these indices should or do fail when, for example, the same pressures are achieved at different volumes because vascular changes have altered ejection patterns, thereby changing the times at which a given volume is reached. Analysis of our data demonstrated that EDV is correlated highly with the FTI for isovolumic contractions. This high correlation then must also exist for peak pressure, the tension-time index, and systolic-pressure-time index. Furthermore, the linearity of these functions with MVO 2 for isovolumic contractions implies that h(V) = B x V. That is, h(V) must be proportional to volume. Thus, we hypothesize that the oxygen requirements of the LV are determined entirely by the volume of the ventricle at any instant, and that at least after the early part of systole, changes in volume produce proportional changes in MVO 2 .
